Three dimensional measurement of the le3 ventricle (LV) 
Introduction
Three-dimensional measurement of the left ventricle (LV) by echocardiography has many clinical uses but is difficult to achieve [ 1, 21. Clinical studies have confirmed that LV volume measurements by echocardiography give comparable results to those obtained with other modalities.
For example, Mele et a1 [3] constructed wireframe LV maps from 2D trans-thoracic images by manually tracing endocardial borders in patients and normal subjects and showed that calculated end-diastolic (ED) and end-systolic (ES) volume, stroke volume and ejection fraction were into automatic boundary detection. Sonka et a1 [5] acquired images of dog and pig hearts using intracardiac echocardiography and found that LV cavity areas and volumes based on automatic detection of borders using graph searching agreed well with manual measurements. Stetten et a1 [6] used fuzzy labelling of voxels in real time 3D trans-thoracic echocardiography data to locate the left ventricular axis and cavity walls and showed good agreement with manual tracings. Taking a different approach, Rodevand et a1 [7] compared various multiplane 3D echocardiographic methods using asymmetric latex phantoms and achieved best results when the probe was directed perpendicularly to the ventricular long axis.
In this paper, a new technique is presented for the automatic detection of LV walls from synthesised images perpendicular to the LV axis reconstructed from 3D transoesophageal echocardiography (TOE) studies.
2.

Methods
2.1, Image capture
TOE studies were carried out on patients who had undergone coronary artery bypass graft surgery. All had impaired LV function. Images were acquired in B-mode using an ATL HDI 5000 ultrasound system with a 7 MHz MPT 7-4 probe whilst ventilation was suspended. A sequence of frames over one cardiac cycle was captured for each orientation of the transducer. The image plane was progressively rotated at 6O intervals about an axis parallel to the LV axis to establish a 3D image set. The number of frames per R-R interval was constant for each patient and depended upon heart rate.
in good agreement with results from other independent imaging techniques. In children with congenital heart
2.2.
Image analysis defects, Heusch et a1 [4] analysed slices from 3D transoesophageal echocardiography using manual planimetry For each study analysed, 30 frames (1 for each and found that LV volumes were correlated with, but orientation) from end-diastole were combined to form a smaller than those calculated from angiocardiography.
3D image set using specially written software. Similar Manual identification of the endocardial border is sets were constructed from end-systolic frames. The time consuming, but several studies report research software permitted 2D images to be extracted from these 3D image sets, where the reconstructed image plane was either parallel or perpendicular to the beam axis. Figure 1 shows a reconstructed image with plane parallel to the beam axis for one patient at a beam orientation of 0'; this is equivalent to one of the original B-mode source frames. 100 reconstructed 2D images were created from each image set in planes perpendicular to the LV axis extending from just above the apex to just below the mitral valve. An example is shown in the left hand panel of figure 2. These images were automatically processed using edge detection, thresholding and morphological operators (see, for example Pratt [8]) to create binary edge maps (figure 2, right hand panel). Within each edge map, the LV cavity was modelled as the largest circle which included the beam axis, but which did not touch any surrounding tissue structure. The best fit LV cavity for the image on the left of figure 2 is shown in the panel on the right. Circles modelling local parts of the LV were combined to form 3D maps. These maps were projected onto original 
LV cavity measurements
Since each slice was calculated independently, the consistency of the algorithm was assessed by measuring slice-to-slice differences of the radius and position of the centre of each circular fit to the LV wall for all 100 slices. LV cavity dimensions (ie the distance between walls perpendicular to the beam axis) were measured manually by a cardiologist for 2 depths, 4 orientations and 2 phases of the cardiac cycle for each patient, and were compared to projections of the LV map for each study using the method of Bland and Altman [9]. Table 1 shows the mean slice-slice variations of the radius of the LV cavity and the position of the LV axis (in a plane perpendicular to the LV axis).
Results
Slice-to-slice variations
The radius and position of the LV map in each slice were expected to vary smoothly along the LV axis. Figure 4 shows the variation of these two quantities for one patient at ES. 
Comparison with measurement
. by cardiologist Table 2 shows the results of 16 separate comparisons between automatic and manual measurements for one patient. The mean difference (automatic-manual) between the techniques was -3.1 mm (95% confidence interval -6.6 to 0.3 mm). In the table, depth refers to distance from the beam source; 101 mm depth corresponds to approximately 40 mm from the apex, and 71 mm depth corresponds to approximately 100 mm from the apex. Table 3 shows the mean differences between automatic and manual measurements for the 16 individual comparisons for each patient. In all cases, the automatic technique identifies closer boundaries, although this is significant at the 95% confidence level in only one case.
Discussion
Two dimensional echocardiographic images of the left ventricle are sections through the vessel and by definition contain only a fraction of the information needed to calculate volume. However, clinical research studies have shown that 3D echocardiographic images can be used to measure physical characteristics of the LV including volume. In this preliminary study we have demonstrated that reconstruction and analysis of images perpendicular to the LV axis from source images obtained by trans-oesophageal echocardiography is a practical technique for mapping the LV cavity.
Further improvement of the method is possible. The present LV wall detection algorithm uses information from a single slice perpendicular to the LV axis. This can be improved by making use of binary edge points in neighbouring slices based on the assumption of local smoothness of the shape of the vessel. Finally, the method should be validated by comparing automatically calculated volume against an independent means of measurement.
